A B S T R A C T The turnover of 125I-high density lipoprotein (HDL) was examined in a total of 14 studies in eight normal volunteers in an attempt to determiine the metabolic relationship between apolipoproteins A-I (apoA-I) and A-II (apoA-II) of HDL and to define further some of the determinants of HDL metabolism. All subjects were first studied unider conditions of an isocaloric balanced diet (40% fat, 40% carbohydrate). Four were then studied with an 80% carbohydrate diet, and two were studied while receiving nicotinic acid (1 g three times daily) anid ingesting the same isocaloric balanced diet. The dlecay of autologous 1251-HDL and the appearance of urinary radioactivity were followed for at least 2 wk in each study. ApoA-I and apoA-II were isolated by Sephadex G-200 chromatography from serial plasma samples in each study. The specific activities of these peptides were then measured directly.
A B S T R A C T The turnover of 125I-high density lipoprotein (HDL) was examined in a total of 14 studies in eight normal volunteers in an attempt to determiine the metabolic relationship between apolipoproteins A-I (apoA-I) and A-II (apoA-II) of HDL and to define further some of the determinants of HDL metabolism. All subjects were first studied unider conditions of an isocaloric balanced diet (40% fat, 40% carbohydrate). Four were then studied with an 80% carbohydrate diet, and two were studied while receiving nicotinic acid (1 g three times daily) anid ingesting the same isocaloric balanced diet. The dlecay of autologous 1251-HDL and the appearance of urinary radioactivity were followed for at least 2 wk in each study. ApoA-I and apoA-II were isolated by Sephadex G-200 chromatography from serial plasma samples in each study. The specific activities of these peptides were then measured directly.
It was found that the decay of specific activity of apoA-I and apoA-II were parallel to one another in all studies. The mean half-life of the terminal portion of decay was 5.8 days during the studies with a balanced diet.
Mathematical modeling of the decay of plasma radioactivity and appearance of urinary radioactivity was most consistent with a two-compartment model. One compartment is within the plasma and exchanges with a nonplasma component. Catabolism occurs from both of these compartments.
With a balanced isocaloric diet, the mean synthetic rate for HDL protein was 8.51 mg/kg per day. HDL synthesis was not altered by the high carbohydrate INTRODUCTION High density lipoproteins (HDL)1 comprise a family of complex particles of phospholipid, cholesterol, and triglyceride noncavalently bound to protein. Its functions are unknown, but available information suggests that HDL may play roles both in triglyceride clearance and in removal of cholesterol from tissues. In connection with the first function, it serves as a reservoir between periods of increased triglyceridemia for apolipoprotein C-II (apoC-II), the activator protein for lipoprotein lipase (1) (2) (3) . In connection with its other potential role, HDL is the natural substrate for lecithin-cholesterol acyltransferase, the enzyme responsible for esterification of plasma cholesterol in man (4, 5) . The protein moiety of HDL consists of two major peptides or apolipoproteins, apolipoprotein A-I (apoA-I) and apolipoprotein A-II (apoA-II), and several minor peptides (6, 7) . ApoA-I and apoA-II have been shown to have clearly different primary and secondary structures as well as immunologic and biochemical characteristics (8, 9) . ApoA-I, which has a molecular weight of 28, 331 , plays a functional role as the activator for lecithin-cholesterol acyltransferase (10) . It is rather loosely bound to HDL and can be separated from the rest of HDL by relatively mild procedures (11) (12) (13) (14) . ApoA-II is associated with HDL lipid more tightly and therefore may play more of a structural role in the HDL particle (15) . In man it is present as a dimer with a mol wt of 17,380 (9) .
The metabolic relationship between these two peptides has been the subject of some investigation in the past. Studies by Eisenberg et al. (16) have suggested that human apoA-I and apoA-II are catabolized independently when human 125I-HDL is injected into the rat.
This report describes kinetic studies of 125I-HDL designed to determine whether apoA-I and apoA-II are metabolized independently in man (as are the B and C peptides of very low density lipoprotein (VLDL); (1, 2) . In addition, it describes a series of studies designed to help elucidate the functional role of HDL and to define some of the determinants of its metabolism. The kinetic data are used to develop a mathematical model of HDL apoprotein metabolism. This model helps describe the changes in HDL metabolism induced by two distinct perturbations-an 80% carbohydrate diet and nicotinic acid treatment. The model's general validity is enhanced by being consistent with normal as well as perturbed conditions of HDL metabolism.
METHODS
Subjects. The age, weight, plasma cholesterol, triglycerides, and HDL cholesterol of the eight normal volunteer subjects studied are shown in Table I . All were in good health with normal renal, hepatic, and thyroid function. During the initial studies, beginning 2 wk before the main study, all subjects were maintained on a low cholesterol (<300 mg/day) isocaloric diet with a normal ratio of polyunsaturated to saturated fats (0.2). 40% of the calories were provided as fat and 40% as carbohydrate. In addition, four of the subjects (M. S., D. M., W. G., and S. M.) were also studied after having come to equilibrium for at least 2 given beginning 3 days before the injection of '25I-HDL, and ferrous sulfate, 300 mg, was given three times daily. The patients received no other medications. Informed consent was obtained.
Collectiot of plasmrla. Blood was obtained in 0.1% EDTA, usually after an overnight fast (12-14 h), and the plasma was separated at 40C in a refrigerated centrifuge. In three instances during each turnover study, nonfastinig blood was obtained; these were at 6, 12, and 36 h after the 9:00 a.m. initiation of the studies.
Isolation and labeling of HDL. Autologous HDL was isolated at 4°C over the density range 1.09-1.21 g/ml according to the method of Havel et al. (17) . Successive ultracentrifugation was carried out in a Beckman 60 Ti rotor (Beckman Instruments, Inc., Fullerton, Calif.) at 59,000 rpm for 18 h at d 1.09 g/ml, and for 24 h at d 1.21 g/ml. The HDL thus obtained was resuspended in an NaCl-KBr solution of d 1.21 g/ml and washed by ultracentrifugation for 24 h at 64,000 rpm in a Beckman 65 rotor. KBr was then removed by at least four successive 30-min dialyses against a 100-fold excess volume of 0.85% NaCl with 0.01% EDTA (EDTA saline).
The density range 1.09-0.21 g/ml was selected to minimize contamination from sinking prebeta lipoprotein should it be present in the plasma of any of the subjects (18) as well as to minimiiize labeling of C peptides, which may be present primarily in the lowest density range of HDL (19, 20) . The HDL obtaine(d was free of albumini, (23) . It averaged 1.8% (range 0.8-3.2%). There was no apparent effect of high carbohydrate diet or of nicotinic acid treatment on the extent of lipid labeling; it averaged 1.9 and 1.8% in the carbohydrate and nicotinic acid studies, respectively. The lipid phase was dried before counting radioactivity in order to avoid absorption of the gammila emissioni by chloroformii (24) . (Absorptioni was shown to amounit to two-thirds of total radioactivity, so a tripling of measuredl radlioactivity accoompaniied evaporation of the chloroform.) Unbound io(inle (1251 soluble in 10% trichloracetic acidl after dlialvsis average(d 0.89% of radioactivity (ranige 0.2-_2.2%).
The '25I-HDL producedl a sinigle peak onl gammiiiia scanninig of its paper electrophoretogramii, anid this peak was idlentical in location with the stainied band( pro(luced by unllabeled HDL from the same subject. Immuiiiiinoelectrophoresis of '25I-HDL against antisera to HDL pro(luced precipitin lines i(lenitical to those obtainecl from coelectrophoresis of unilabele(d HDL.
In each study, the 1251-HDL was inicubatedl for 30 min at room temperature in 5 ml of autologous fastinig plasma at (l 1.063, 1.09, and 1.21 g/ml and then ultracentrifuged for 36 h in a Beckman 40.3 rotor at 4°C. A meani of 1.2% (ranige 0.8-1.4%) of total radioactivity was found in the dlensity fraction <1.063 g/ml; a mean of 3.2% (range 2.8-3.6%) of radlioactivity was in the densitv fraction <1.09 g/ml; andl a mean of 4.1% (range 1.7-5.5%) of radioactivity was found( in the density fraction >1.21 g/ml. Recovery in these ultracentrifugations averaged 100% (SD 5), after correctioni for absorption of radiation by KBr (24) .
In five of the studies (S. M.he, K-J., K. J. n M. H., M. H.n), the distribution of 1251 among the peptides of HDL was (letermiinledl by counitinig radioactivitx in the slicedl segmlelnts of polvacrvlamide gels after subjecting the 1251_ apoHl)L and( unilabeledl carrier apoHDL to sodiumii dlodecyl suilfate (SDS) polvacrylamide gel electrophoresis by a miioclificationi of the mnethodl of Weber and(l Osborni (25) . A miiean of 45.3% (SD 2.9) of radioactivity miiigratedl with apoA-I; a miieani of 38.6% (SD 1.6) miiigratedl with apoA-II; andl a miiean of 1.9% (SD 1.4) migrated with the C pepti(les. A meani of 9.7% (SD 1.7) of radioactivity was foundl in the upper portion of the gels, representinig higher molecular weight conistituenits or aggregates of apoA-I or apoA-II. Furthermore, 0.7% (SD 0.3) was found in the unstainiecl zone between apoA-II and the C peptides. Nicotiniic acid treatmenit producecl no consistent change in the pattern of clistribution of radioactivity among peptides.
The turniover studies. 125I-HDL was sterilized by passage through a Millipore filter (0.45-,tm pore size, NIillipore
Corp., Beclforcl, Mass.) anid tested for the presence of bacteria anid pyrogens as previously described (22) . Withini 5 davs of obtaininig the subjects' plasma, 25 ,uCi of autologous 125I-HDL (50 ,uCi for subjects K. R. anid J. MI.) were reinjecte(d intravenously. Bloodc samples were then obtainied at 6, 12, 24, and(l 36 h, anid then daily for 2 wk after injectionl (3 wk for both stu(dies of S. NI. and(l 4 wk for K. J. and J. NI.). Decay of ra(lioactivity in 2-miil samples of plasma was miieasure(l. Complete urinie collectionis wvere performe(d (durinig each stu(ly, the termiiniationi of collection perio(ds beinig the times when bloo(l samples were obtained. Urinary radioactivity for each collectioni was measured. 24-h fecal excretioni of radioactivity was measure(d on the 6th day after injection in subjects K. J. ani( M. H. during nicotinic acicl treatment. It amounted to <0.05% of urinary excretioni for that time period.
The decav over time of specific radioactivity of apoA-I and( apoA-II was measured directly in each study. On selected days in each studv 120 ml samples of blood were obtained by plasmapheresis. This was done at the following times in all studies but K. R. and J. NI.: 10 min after injection and 1, 4, 7, 10, 12, and 14 days after injectioni. In the studies of S. NI. it was also done 18 and 21 clavs after in-jection. In K. R. these large samples were obtaine(d 10 min and 1, 5, anid 9 days after injectioni. In J. NM. they were obtainied at 10 min anid 1, 5, 9, 13, and(l 19 days after injectioni.
HDL in each large sample was isolate(d bv two successive ultracenitrifuigationis at salt (l 1.063 and(l 1.21 g/ml at 59,000 rpmii in a Beckmiiani 60 Ti rotor. It was theni dialyzed twice against a 100-fold excess volume of 0.01% NH4HCO3 with 0.01% EDTA at pH 8.2, lvophilized, and delipidated with chloroform: methanol (2:1).
The apoHDL was dissolved in 0.01% NH4HCO3 Nwith 0.01% EDTA and 3 MI guanidine HCl at pH 8.2. It was then fractioniate(d over a glass columni packe(d with Sephaclex G-200 (superfinie) andl 4 mmin glass beadls. Fractionis niear the peaks gave apoA-I anid apoA-II purity as showni by SDS gel electrophoresis (Fig. 1) . Nleasuremenits of protein and radioactivity from these pure fractions yielded the specific activity decay curves.
Anialiytical techniiques. Proteini was measuredl bx the method of Lowry et al. (26) . Lipid phosphorus was measured bv the mletho(d of Bartlett (27) . Cholesterol in HDL was measured by the method of Chiamori ai(I Henry (28) . For this purpose, HDL was isolated by two different techniques: by precipitation of VLDL and low dlensitv lipoprotein (LDL) with heparin-miianiganiese (29; Table I ), andl by two successive ultracenitrifugationis of plasmiia at salt cd 1.09 and 1.21 g/ml (Table II) . Total plasma cholesterol ancd triglyceri(les were determiniedl by AutoAnialyzer II methodlology (30, 31) . VLDL cholesterol was estimiiate(d as one-fifth the plasmiia triglvceridles (32) . LDL cholesterol was dletermiinle(l as the (lifferenc e betweeni total plasmiia cholesterol adllc the sum] of VLDL anll( HDL cholesterol.
SDS-polyacrylamidle gel electrophoresis of the apoproteilns of HDL was performe(l b\ a imodlificationi of the miiethodl of WNeber au(I Osborn (25) . 13% gels were prepare(l with 0.5% diallvltartardliamidle (33) as the cross-linker andl 0.05 MI Tris buffer at pH 8.2. They were run at 8 mA/tube at room temperature and stained with 0.1% Coomassie Blue in 5% acetic acid and 50% methanol. Destaining was performed by diffusion into 7.5% acetic acid with 5% methanol. ApoA-I andl apoA-II isolated by Sephadlex G-200 chromatography prodlucedl distinct bands in this system. When knowni activities of 1251-apoA-I and 1251-apoA-II were coelectrophoresedl, complete recovery of radlioactivitv was found in the correspondinig bands in the gels.
Radlioactivitv was counted with a Packardl modlel no.
High Denisity Lipoproteint Aletabolismt Compositional studies. HDL was isolated quantitatively from 5 ml of plasma in the density range 1.09-1.21 g/ml for compositional studies. This density range was selected because it corresponded to the density of the injected 125I-HDL. The isolation was performed at 4°C with two ultracentrifugations only, 24 h at 1.09 gIml and 48 h at 1.21 g/ml at 39,000 rpm in a Beckman 40.3 rotor. The product was not washed with an additional ultracentrifugation at 1.21 g/ml in order to minimize preferential loss of apoA-I (11, 13, 15) . Protein concentration was measured. A portion ofthe isolated HDL was then extracted with chloroform;methanol (2:1) according to the procedure of Folch et al. (23) . Cholesterol in this extract was measured in all studies (28) .
The relative masses of apoA-I and apoA-II were determined in the HDL isolated for labeling for each study except J. M. and K. R. The HDL was lyophilized and then delipidated with chloroform:methanol (2:1). The apoproteins were dissolved in 0.01% NH4HCO3 at pH 8.2 with 3 M guanidine HCI. They were then fractionated over a 1.2 x 150-cm glass column packed with Sephadex G-200 (superfine). The column was equilibrated and eluted with 0.05 M Tris at pH 8.2 with 6 M urea. Column recoveries of radioactivity averaged 100.2% (SD 5). The elution profiles were of very high resolution and permitted complete collection of apoA-I and apoA-II in separate pools. These pools were dialyzed against 0.01% NH4HCO3 at pH 8.2 and concentrated by lyophilization. Correction for loss in dialysis was made according to recovery of radioactivity. Two samples of apoHDL2 isolated from the plasma of normal volunteers (over the density range 1.063-1.125 g/ml) were subjected to duplicate column runs and analysis to test the precision of these determinations of apoHDL composition. The results are presented in Table III In three pairs of studies, HDL2 and HDL3 were quantitated by analytical ultracentrifugation (34) (kindly performed by Dr. Frank Lindgren of the Donner Laboratory, University of California). In addition, in those studies HDL was isolated quantitatively over the density ranges 1.063-1.09 g/ml and(l 1.09-1.21 gIml. Each isolation was performed by two successive ultracentrifugations of 5-ml aliquots of plasma. The results of these studies are shown in Table IV , and representative analytical ultracentrifugation patterns are shown in Fig. 2 . Both methods indicate that carbohydrate feeding produced a relative diminution in the larger, less dense HDL particles (HDL2 and HDL of d = 1.063-1.09 g/ml), whereas nicotinic acid treatment had the opposite effect.
The composition of the protein moiety of HDL in six of the subjects as determined by Sephadex G-200 
203.6(HDL3)
The decay of specific activity of apoA-I and apoA-I1 in each turnover study is shown in Table V for in urine and was assumed to be lost from compartment 2 via a pathway with a rate constant L (0, 2).
Model parameters in each study are shown in Table VI. In the subjects who underwent paired studies it was possible to obtain an optimal least squares fit to the data while still keeping L (2, 1), L (1, 2), and L (0, 2) fixed for each subject. It can be seen that with a balanced diet and without nicotinic acid treatment a mean of 61.9% of the HDL protein mass was found in the intravascular compartment. The mean synthetic rate of HDL protein was 8.51 mg/kg per day on a balanced diet. Carbohydrate feeding produced no significant change in the synthetic rate (mean change 1.7% of base line, P > 0.20). In the two studies with nicotinic acid treatment, on the other hand, that perturbation was associated with a mean 11% fall in U (1).
The most striking kinetic changes with carbohydrate feeding and with nicotinic acid treatment occurred in the catabolic rate constants L (3,1 ) and L (3, 2) . In each of the three subjects who adhered well to the isocaloric high carbohydrate diet (W. Eisenberg et al. (16) investigated the metabolic fate of humnani '25I-HDL injected into the rat. It was foundl that human apoA-I was removed fromii the circulation miiore slowly (t, = 13 h) than was humiian apoA-II (t, = 9 h). Furthermore, they reportedl that the major catabolic site for human and rat 1251-HDL in the rat was the liver.
The studies described here were carried out with the major objective of defininig the metabolic relationship between apoA-I and apoA-II in miian. The (lecav of specific radioactivity of apoA-I and apoA-II in 1251-HDL was measured directly in each study. This approach demonstrated that apoA-I and apoA-II of HDL are catabolized identically to one another under control as well as perturbed conditions. These studies provide some insight into mechaniismiis by which carbohydrate feeding and nicotinic acid treatment influence HDL metabolism and suggest that the influence of these two perturbations is reciprocal in many respects.
With carbohydrate feeding the ratios of cholesterol: protein aind cholesterol:phospholipid fell in each case. This suggests a smaller mean HDL particle size because available data indicate that HDL particles are spherical and are composed of an amiiphiphilic surface of protein, phospholipid, an(l uniesterified cholesterol, and a hydrophobic core of cholesteryl ester andl triglyceride (42) (43) (44) (45) (46) (47) . Mlost of the cholesterol in HDL is esterified (48) . Furthermore, anialytical ultracentrifugation in the studies of S. NI. demionstrated that with carbohydrate feeding a larger portion of the total plasma HDL was found amonig the smaller, denser particles of HDL3. In all these respects, reciprocal changes were seen in both studlies with nicotinic acid treatment.
Carbohydrate feeding resulted in a lower ratio of apoA-I:apoA-II, whereas n icotinic aci(d treatment yielded HDL with a slightly higher apoA-I:apoA-II ratio. Published reports of the apoA-I:apoA-II ratio in HDL2 compared to that in HDL3 are conitra(lictory, indicatin-g variously that it is higher in HDL2 (19, 49, 50) , that it is lower in HDL2 (14) , and(l that it is identical in these two subclasses of HDL (51) . If the apoA-I:apoA-II ratio in HDL2 is higher than in HDL3, the changes in that ratio with carbohydrate feeding and nicotinic acidl treatmenit may be attributedl in part to the observedl shift in the HDL (lensity spectrum.
The changes in mean HDL particle size and( apoprotein composition with carbohy(lrate fee(ding ancd nicotinic acid treatment may be the result of a qualitative change in either synthesis or catabolismii. In the case of both perturbations, the alteredl apoA-I: apoA-II ratio in the face of identical (lecay rates for apoA-I and apoA-II speaks in favor of a qualitative change in HDL synthesis.
The kinetic modeling of decay of plasma radioactivity in combination with appearance of urinary radioactivity demonstrated catabolisml froml both plasma and nonplasma compartmiienits. The plasmla decay curves alone were consistenit with all catabolismii occurring via either compartment or a comiibiniation of them. These studies do not demonistrate the precise locations or distinct roles of the plasmiia anil nonplasma catabolic sites. Furthermore, they (lo not permit us to identity the HDL synthetic entry site, and( the choice of the plasma compartment as the synthetic entry site is arbitrary. The major conclusions, however, with respect to total synthetic rate an(l changes in patterns of catabolism are independcent of the site of entry.
In all subjects who adhered well to the 80% carbohydrate diet, there was an increase in the fractional rate of catabolism from the intravascular comiipartment, whereas in both subjects undergoing nicotinic acid treatment, it fell. These changes in the catabolic rate from the intravascular compartmenit may be secondary to changes in 
